The human immunodeficiency virus (HIV-1) envelope (Env) glycoprotein, a (gp120-gp41) 3 trimer, mediates fusion of viral and host cell membranes after gp120 binding to host receptor CD4. Receptor binding triggers conformational changes allowing coreceptor (CCR5) recognition through CCR5's tyrosine-sulfated amino (N) terminus, release of the gp41 fusion peptide and fusion. We present 3.3 Å and 3.5 Å cryo-EM structures of E51, a tyrosine-sulfated coreceptor-mimicking antibody, complexed with a CD4-bound open HIV-1 native-like Env trimer. Two classes of asymmetric Env interact with E51, revealing tyrosine-sulfated interactions with gp120 mimicking CCR5 interactions, and two conformations of gp120-gp41 protomers (A and B protomers in AAB and ABB trimers) that differ in their degree of CD4-induced trimer opening and induction of changes to the fusion peptide. By integrating the new structural information with previous closed and open envelope trimer structures, we modeled the order of conformational changes on the path to coreceptor binding site exposure and subsequent viral-host cell membrane fusion.
T he HIV-1 Env glycoprotein, a homotrimer of gp120-gp41 heterodimers, mediates fusion of the host and viral membrane bilayers to allow entry of the HIV-1 capsid containing viral RNA into the host cell cytoplasm 1 . The fusion process is initiated by interactions between the Env gp120 subunit and the host receptor CD4, resulting in conformational changes that reveal the binding site for a host coreceptor, the CCR5 or CXCR4 chemokine receptor 2, 3 . Coreceptor binding facilitates further changes leading to insertion of the gp41 fusion peptide into the host cell membrane and subsequent fusion 1 . Conformational changes induced by CD4 binding to trimeric HIV-1 Env have been characterized by cryoelectron tomography of virion-bound Envs 4 and higher resolution single-particle cryo-EM structures of soluble, native-like Env trimers lacking membrane and cytoplasmic domains and including stabilizing mutations (SOSIP Envs) [5] [6] [7] . Mutations introduced into soluble SOSIP Env trimers ('SOS' mutations A501C gp120 , T605C gp41 and the 'IP' mutation I559P gp41 ) (ref. 8 ) prevent HIV-1 infection when introduced into virion-bound Envs 9 , as expected since the substitutions were designed to stabilize the prefusion Env conformation 8 . However, SOSIP Env structures can undergo conformational changes upon binding to CD4; thus SOSIP structures have defined a closed, prefusion Env state, in which the g120 V1V2 loops shield the coreceptor binding site on V3, and an open CD4bound trimeric state with outwardly rotated gp120 subunits and V1V2 loops displaced by ~40 Å to expose the V3 loops and coreceptor binding site [5] [6] [7] 10 (Supplementary Video). Both the closed and open CD4-bound states are consistent with the structures of native virion-bound Envs derived by cryo-electron tomography and subtomogram averaging 4 .
As the only viral protein on the surface of HIV-1 virions, HIV-1 Env is the target of host antibodies whose epitopes have been mapped onto structures of Env glycoprotein trimers 11 . One class of antibodies, the CD4-induced (CD4i) antibodies, recognizes conserved regions of gp120 at or near the coreceptor binding site that are exposed by conformational changes caused by CD4 binding 12 .
These antibodies are often cross-reactive but not very potent [13] [14] [15] [16] , perhaps related to limited steric accessibility when Env on the viral membrane is complexed with CD4 on the target cell 17 . CD4i antibodies were initially characterized structurally as complexes with monomeric gp120 cores (gp120 constructs with truncations in the N-and carboxy (C) termini, V1V2 and V3), as exemplified by the first gp120 crystal structure in which CD4i antibody 17b and soluble CD4 (sCD4) were complexed with a gp120 core 18 . The CD4i epitope on monomeric gp120 cores comprises the base of the V3 loop and the bridging sheet (a four-stranded anti-parallel β-sheet involving the gp120 β20 and β21 strands preceding the V5 loop and the β2 and β3 strands at the base of V1V2). Confirming that the coreceptor binding site on gp120 also involves the bridging sheet and V3, a cryo-EM structure of a sCD4-bound full-length monomeric gp120 complexed with CCR5 showed interactions of the CCR5 N-terminal residues with the four-stranded bridging sheet and insertion of gp120 V3 loop into the chemokine binding pocket formed by the CCR5 transmembrane helices 19 . The structure also revealed contacts of N-terminal O-sulfated tyrosines on CCR5 that enhance viral entry (Tys10 CCR5 and Tys14 CCR5 ) 20 with residues at the base of gp120 V3 (ref. 19 ).
CD4i antibodies mimic host coreceptors by requiring conformational changes within Env trimers for binding. In addition, some CD4i antibodies, for example, the E51 and 412d antibodies that were isolated from the same HIV-1-infected donor 21, 22 , mimic N-terminal residues of CCR5 by including sulfotyrosines in their heavy chain complementarity determining region 3 (CDRH3) regions 20, 23 . Current structures of CD4i antibodies bound to sCD4bound Env trimers are limited to complexes with 17b and 21c (ref. 5, 7 ) , antibodies that do not include tyrosine-sulfated CDRH3 regions. Here we present 3.3-Å and 3.5-Å resolution cryo-EM structures of E51, the more potent of the pair of tyrosine-sulfated CD4i antibodies [21] [22] [23] , bound to open sCD4-SOSIP Env trimer complexes, allowing comparisons of sulfated tyrosine recognition by a CD4i antibody and by CCR5. Both E51-sCD4-Env structures exhibit deviations from three-fold Env symmetry in the degree to which the three gp120-gp41 protomers open in response to sCD4 binding and in the extent of sCD4-and antigen-binding fragment (Fab)-induced structural changes relayed to gp41 and the fusion peptide. Together with comparisons with previous structures, including complexes of CCR5-sCD4-monomeric gp120 (ref. 19 ), CD4i-sCD4-Env trimers 5, 7 and CD4i-sCD4-monomeric gp120 (refs. 24, 25 ), the new structures define structural effects of CDRH3 tyrosine sulfation, illustrate the potential for Env trimer asymmetry and facilitate understanding of conformational changes leading to Env-mediated fusion of viral and host cell membranes.
results
Cryo-EM Structures of Env trimer in complex with sCD4 and E51 Fab. We previously described structures of clade A BG505 and clade B B41 native-like soluble Env trimers (SOSIP.664 trimers 8 ) complexed with sCD4, the CD4i antibodies 17b or 21c, and the gp120-gp41 interface antibody 8ANC195 (refs. 6, 7 ) . We observed conformational changes, including rotation and displacement of gp120 subunits, displacement of the gp120 V1V2 region from the apex to the sides of the trimer, exposure of V3 and a more compact conformation of the C-terminal section of gp41 heptad repeat segment 1 (gp41 HR1 C ) helices. As defined by measurements between threefold symmetry-related residues in gp120 that were outwardly displaced in response to sCD4 binding 7 , we described the trimers in the 17b-sCD4-Env-8ANC195 and 21c-sCD4-Env-8ANC195 complexes as partially open, as compared with the fully open Env conformation in a 17b-sCD4-B41 complex 5 , concluding that 8ANC195 binding induced partial closure of open sCD4-bound Env trimers 7, 26 .
In this study, we prepared fully open sCD4-bound BG505 SOSIP.664 Env trimer and used cryo-EM to investigate the structural details of sulfotyrosine interactions with the exposed coreceptor binding site in an E51-sCD4-BG505 complex. E51 Fab, BG505 SOSIP and sCD4 domains 1 and 2 were expressed and purified as described in ref. 7 with modifications for E51 including coexpression with tyrosylprotein sulfotransferase II (ref. 27 ) and isolation of tyrosine-sulfated Fab (Extended Data Fig. 1a ). Mass spectrometric analyses revealed up to two sulfated tyrosines within the E51 Fab (Extended Data Fig. 1b ). Single-particle cryo-EM structures were solved using complexes containing E51 Fab with two sulfotyrosines to resolutions of 3.3 Å and 3.5 Å for two conformational classes of the E51-sCD4-BG505 complex (denoted here as class I and class II) ( Table 1 , Extended Data Figs. 2 and 3). Both structures involved an asymmetric Env trimer complexed with three sCD4s and three E51 Fabs ( Fig. 1a,b ). Each of the three gp120-gp41 protomers exhibited outwardly rotated gp120 subunits compared to closed Env trimers, a largely disordered and exposed V3 loop, a displaced V1V2 region and a four-stranded gp120 bridging sheet ( Fig. 1b ; Supplementary Video). The E51 Fab epitope on gp120 overlaps with the epitopes for the CD4i antibodies 17b and 21c ( Fig. 1c ). Consistent with mass spectrometric identification of sulfated tyrosines in E51 Fab (Extended Data Fig. 1b ), we found density for two sulfated tyrosines within the E51 CDRH3 (Extended Data Fig. 4 ). While Tys100I E51 HC showed clear density for both the aromatic ring and sulfate group, the density for Tys100F E51 HC was weaker (Extended Data Fig. 4a ).
Sulfotyrosines on E51 recognize conserved positive patches on gp120. In common with the epitopes of CCR5 and the CD4i antibodies such as 17b and 21c, the E51 epitope on gp120 involves the base of V3 and residues within the four-stranded β20-β21-β2-β3 bridging sheet (Fig. 2) , and like 17b and 21c, E51 also contacts the CD4-binding site loop (Supplementary Note 1). E51 Fab contacts gp120 with all three CDRs of its heavy chain, but its light chain does not participate in gp120 recognition ( Fig. 2a,b ). Contacts between the E51 heavy chain and gp120 could be divided into two categories: (1) CDRH1 and CDRH2 contacts with gp120 bridging sheet resi-dues and CDRH3 stacking on top of the bridging sheet ( Fig. 2a,b ) and (2) interactions between CDRH3 sulfotyrosines and positively charged gp120 residues (Fig. 2c ).
The E51 CDRH3 sulfotyrosines, Tys100I E51 HC and Tys100F E51 HC , play prominent roles in E51's interface with gp120 ( Fig. 2a ). The aromatic ring of E51 Tys100I E51 HC is stacked above the guanidinium group of Arg327 gp120 (base of the V3 loop) through a cation-π interaction, while the sulfate group interacts electrostatically with Lys421 gp120 , which is N-terminal to the β20 strand of the bridging sheet ( Fig. 2a ). Tys100F E51 HC interacts electrostatically with Arg419 gp120 and is in the vicinity of Lys421 gp120 , with which it could interact with a cation-π interaction. The E51 sulfotyrosine interactions can be compared with interactions of monomeric gp120 with sulfated tyrosines within the N-terminal loop of CCR5 and in the CD4i antibody 412d, as visualized in structures of CCR5-sCD4-gp120 monomer (ref. 19 ) and 412d-sCD4-gp120 monomer (ref. 25 ) complexes. Superimposition of the gp120 portions of the E51-sCD4-BG505, CCR5-sCD4-gp120 and 412d-sCD4-gp120 complexes showed that a CCR5 sulfated tyrosine that is required for binding to gp120-sCD4 complexes and for inhibition of viral entry into host cells 28 (Tys10 CCR5 ) was oriented similarly with respect to gp120 as Tys100I E51 HC and made analogous interactions. These interactions were also shared with the orientation and interactions of Tys100 412d , a sulfated tyrosine in the 412d Fab 25 (Fig. 2a ). The 412d antibody included another sulfated tyrosine, Tys100C 412d , which mimicked the interactions of another required CCR5 sulfated tyrosine, Tys14 CCR5 ( Fig. 2a ).
To further characterize E51 recognition of sCD4-bound Env, we compared the structures of the variable domains of free E51 (Protein Data Bank (PDB) 1RZF) 22 and E51 complexed with Env trimer (this study). The E51 V L domain showed no major structural changes between bound and free forms (root mean square deviation, r.m.s.d., for superimposition of 112 V L alpha carbon (Cα) gp120 gp120 gp120 gp120 gp120 gp120 gp120 gp41 gp41 gp41
Bridging sheet V1V2 V L Fig. 1 | the Env protomers in E51-sCD4-BG505 complexes adopt two distinct conformations. a, Cryo-EM density maps of class I and class II E51-sCD4-BG505 structures. b, Cartoon representations of Envs from the two structural classes. The inset shows a topology diagram for the four-stranded bridging sheet and the exposed V3 loop (mostly disordered) that comprise part of the E51 epitope on gp120. c, Surface representations comparing CD4i Fabs (E51, 17b and 21c) bound to the gp120-sCD4 portions of CD4i-sCD4-Env trimer complex structures (PDBs 6CM3 and 6EDU for the 17b and 21c complex structures, respectively). atoms = 0.4 Å) ( Fig. 2d,e ), consistent with no V L contacts in E51 with gp120. By contrast, the E51 V H domain buried 723 Å 2 at the interface with gp120. Major changes between the free and bound E51 V H domains involved the CDRH3 loop, which was largely disordered in free E51 Fab (12 disordered residues spanning Gly99 E51 HC -Asp100J E51 HC , which included two sulfated tyrosines 22 ), but adopted an ordered conformation stabilized by contacts with gp120 in bound E51 ( Fig. 2d ,e) (r.m.s.d. = 1.0 Å calculated for 121 ordered Cα residues in bound versus free E51 V H ). The ordered CDRH3 conformation in bound E51 Fab included 1.5 turns of α-helix (residues Ala98 E51 HC -Ala100C E51 HC ) followed by the two sulfated tyrosines (Tys100F E51 HC and Tys100I E51 HC ) ( Fig. 2d ).
BG505 Env trimer adopts two distinct sCD4-bound open states when complexed with E51. Whereas other structures of CD4i-sCD4-Env complexes (open and partially open
CD4i-sCD4-Env structures) are three-fold symmetric 5,7 , the E51-sCD4-BG505 complexes are asymmetric, exhibiting two distinct conformations referred to here as class I and class II (Fig. 3a) . The class I and class II Env trimers are distinguished by containing different proportions of two distinct gp120-gp41 protomer conformations, defined by differences in the gp120 core (gp120 residues excluding V1V2 and V3) and in gp41 ( Fig. 3a ; Supplementary Video). The class I Env trimer contained two protomers in conformation A and one protomer in conformation B (AAB trimer), whereas the class II Env trimer contained one protomer in conformation A and two protomers in conformation B (ABB trimer) ( Fig. 3a ig. 2 | E51 Fab interacts extensively with gp120. a, Cartoon representation of the E51-gp120 portion of the E51-sCD4-BG505 structure (left). The middle inset shows a close-up with the four-stranded bridging sheet (colors as shown in Fig. 1b ) and interface residues shown as sticks. The right inset shows a superimposition of regions containing sulfated tyrosines in structures of E51-sCD4-BG505, CCr5-sCD4-gp120 (PDB 6MEO) and 412d-sCD4-gp120 (PDB 2QAD) complexes. b, Surface representation of gp120 with contacts by E51 CDrs and sCD4 highlighted. c, Electrostatic surface of gp120 overlaid with CDrH3 of bound E51. Sulfated tyrosines (Tys100F and Tys100I) highlighted as sticks. d, Superimposition of V H -V L domains of bound and free E51 (PDB 1rZF) 22 . Ordered sulfated tyrosines are highlighted as sticks on the CDrH3 of the bound E51 Fab structure. A dashed line for the CDrH3 in the free structure indicates a disordered region. e, E51 combining site (90° rotation from orientation in d) with ordered sulfated tyrosines highlighted as sticks.
To compare and quantify the A and B gp120-gp41 protomer conformations, we started by aligning on an unaltered region at the gp120 base that is in common amongst the six Env protomers within the class I and class II Env structures. This region is formed by a three-stranded β-sheet (N-and C-terminal gp120 strands, β 4 and β 26 , and the N-terminal gp41 β-strand), about which the gp41 heptad repeat 2 (HR2) helices are wrapped ( Fig. 4a; Supplementary Video) . Upon sCD4 binding, the core of gp120 in the closed Env trimer conformation is displaced relative to this region, pivoting around a hinge surrounding residues Gly41 gp120 and Pro493 gp120 (Fig. 4a) . The A and B protomer conformations can be distinguished after superimposing the hinge region β-strands (gp120 β 4 and β 26 ) from the six protomers in the class I and class II trimers as follows: (1) gp120-gp41 protomer conformation A, a conformation in which the gp120 core is located closer to the central axis of the trimer than in fully open sCD4-bound trimers 5 , but further from the central axis than in partially open sCD4-bound trimers 7 , and (2) gp120-gp41 protomer conformation B, a conformation corresponding to fully open sCD4-bound trimers 5 in which gp120 is further from the central axis (Fig. 3a,b) . The centers of mass of the gp120 cores in conformations A and B differed by 7.3 Å (calculated for 345 Cα atoms), and lines joining the centers of mass to the hinge residue Pro493 gp120 differed by an angle of 11.4˚ (Fig. 4b) .
Transition between open gp120-gp41 protomer conformations demonstrate plasticity of gp41 HR1 C . Conformational differences in gp41 between protomer conformations A and B include changes in the gp41 HR1 C helix. In closed and sCD4-bound partially open Env trimer structures, three gp41 HR1 C segments form a three-helix bundle around a three-fold symmetric Env trimer axis 7 , whereas the gp41 HR1 C helices deviated from three-fold symmetry in the E51-sCD4-bound class I and class II Env trimers. After superimposition of the protomer A and B gp120 β4 and β26 strands, the C-terminal portion of the HR1 C helix (Arg588 gp41 -Trp596 gp41 ) was similar between the protomer A and protomer B conformations (angle between the two helical axes = 2.5˚), whereas the N-terminal portion (Leu565 gp41 -Glu584 gp41 ) showed deviations up to 11.3 Å at the N termini of the helices and a helical axis angle difference of 22.5˚, resulting in a bent protomer A HR1 C helix and a straight protomer B HR1 C helix (Fig. 4c) . The straight conformation of the protomer B HR1 C helix allowed insertion of the Trp571 gp41 side chain into a pocket located below the loop connecting gp120 α 0 Interprotomer distances between three residues (V3 base residue His330 gp120 , V1V2 base residue Pro124 gp120 and CD4-binding site (CD4bs) residue Asp368 gp120 ) are indicated by colored lines on the structures and shown schematically as triangles below the structures. b, Top-down views of Env trimers in symmetric CD4i-sCD4-Env complex structures. Interprotomer distances between the three residues used for analysis in a are indicated by colored lines on the structures and shown schematically as triangles above the structures. A' denotes the conformation of protomers in a partially open sCD4-bound structure (PDB 6CM3) 7 .
helix and β 0 strand, where it is sandwiched by hydrophobic residues Phe53 gp120 and Val75 gp120 , whereas the Trp571 gp41 side chain in the bent protomer A HR1 C helix is above the loop, preventing the α 0 helix and β 0 strand from adopting the B conformation (Fig. 4d ). The short gp120 α 0 helix conformation frees up space to allow straightening of the gp41 HR1 C helix; in addition, the gp120 α 0 helix is adjacent to the N terminus of the HR1 C from a neighboring protomer in conformation B, but not to the HR1 C from a neighboring protomer in conformation A (Fig. 4e) . As a result, a conserved histidine residue (His72 gp120 ) of the conformation B gp120 α 0 is brought in proximity to residue Pro559 gp41 of the neighboring gp41 HR1 C , enabling extension of ordered density for the N terminus of the gp41 HR1 C helix by four residues (His560 gp41 -Glu564 gp41 ), as compared to the counterpart region of gp41 adjacent to a conformation A gp120 α 0 helix, in which ordered density does not extend beyond Pro559 gp41 (Fig. 4e) .
The fusion peptide conformation is coupled to Env protomer conformational states. While the conformation of the fusion peptide in closed Env structures is either disordered (for example, PDB codes 4NCO and 3J5M) or in a loop conformation (for example, PDBs 5CEZ, 5CJX and 4ZMJ) (with the exception of closed Envs in which the fusion peptide is directly stabilized by antibodies such as PGT151 (ref. 29 ) and VRC34 (ref. 30 )), the fusion peptide formed a partial helix in a partially open Env trimer complexed with 17b, sCD4 and 8ANC195 (ref. 7 ; Extended Data Fig. 5 ). In our E51-sCD4-BG505 complex structures, a full-length ordered α-helix was found for the fusion peptide in protomer A, which resides in a hydrophobic environment that includes gp120 β-strands and the fusion peptide proximal region (FPPR; residues 530 gp41 -545 gp41 , as defined in ref. 31 ). In contrast, for gp120-gp41 protomer conformation B in which gp120 is further displaced from the Env trimer axis, the outermost gp120 β-strand (β 0 ) is elevated with respect to the Env trimer base, whereas the fusion peptide proximal region is lower. The straight protomer B HR1 C helix, but not the bent protomer A HR1 C helix (Fig. 4c) , results in displacement of the protomer B fusion peptide from the hydrophobic environment it occupies in the protomer A conformation. The result of these conformational changes is exposure of the fusion peptide residues to solvent, where it adopts a less-ordered loop structure in protomer B than the helical conformation in protomer A ( Fig. 5; Supplementary Video) . The conformational differences in the protomer A and B fusion peptide conformations are anchored at the side chain of Phe522 gp41 , which has been described as a pivot point for the flexible fusion peptide 32 , and whose orientation differs between the A and B protomer conformations ( Fig. 5 ). Phe522 gp41 also serves as an anchor point for fusion peptide conformational changes in closed Env trimer structures bound to PGT151 (ref. 29 ) or VRC34 (ref. 10 ). In our structures, the transition from conformation A to B was accompanied by the release of hydrophobic residues Phe522 gp41 and Leu523 gp41 , resulting in reorientation of their side chains ( Fig. 5; Supplementary Video) .
Discussion
The HIV-1 Env trimer functions in the first step of viral infection: fusion of the viral and host lipid bilayers to allow entry of the HIV-1 capsid and its RNA into the host cell cytoplasm 1 fusion requires major conformational changes in Env, including CD4-induced and(or) stabilized opening of the closed prefusion Env resulting in an open trimer that exposes the coreceptor binding site, rearrangement to allow insertion of the gp41 fusion peptide into the host cell membrane upon coreceptor binding, membrane fusion and culmination in a post-fusion gp41 helical bundle structure 1 . Structural information for a subset of these conformational states exists: (1) closed, prefusion HIV-1 Env structures have been characterized by crystallographic and cryo-EM structures of Env trimers 10 , (2) sCD4-bound open Env trimer structures [5] [6] [7] , including those reported here, defining structural rearrangements resulting from receptor binding and (3) the post-fusion six-helical bundle structures of gp41 (refs. 33, 34 ).
We know less about the conformational changes that occur after CD4 binding and before six-helical gp41 bundle formation, because there is currently no structural information for sCD4 plus coreceptor-bound Env trimers. However, a sCD4-and CCR5-bound cryo-EM structure of a gp120 monomer revealed the CCR5 footprint on gp120, including interactions of the tyrosine-sulfated N terminus of CCR5 (ref. 19 ). The CCR5 binding site on gp120 overlaps with the binding sites of CD4i antibodies, which mimic host coreceptors by requiring CD4-induced conformational changes within Env for binding; CD4i antibodies sometimes further resemble CCR5 by including tyrosines modified by sulfation 20, 23, 35 . Structures of CD4i-sCD4-Env trimers can therefore be used to infer Env trimer rearrangements required for coreceptor binding, and if including a tyrosine-sulfated CD4i antibody, to gain understanding of the role of tyrosine sulfation in recognition of HIV-1 Env. Here we report cryo-EM structures of E51, a tyrosine-sulfated CD4i antibody, complexed with an open sCD4-bound BG505 Env trimer. The structures define interactions of two E51 sulfated tyrosines with gp120 and reveal unexpected asymmetry in sCD4-bound Env trimers.
Env interactions of E51 sulfated tyrosines. The E51-sCD4-BG505 structures revealed V1V2 displacement from the trimer apex to its sides, which exposes the gp120 V3 region to allow interactions with the E51 CDRH3 (Supplementary Video). As in other CD4-CD4-Env trimer structures [5] [6] [7] , the E51 interaction with V3 involved the base of the loop (Fig. 1b) . By contrast, CCR5 interacts extensively with the exposed V3 loop 19 that is disordered in CD4i-sCD4-Env trimer structures [5] [6] [7] . In the E51-sCD4-BG505 structures, EM density for the two sulfated tyrosines (Tys100F E51 HC and Tys100I E51 HC ) in E51 Fab (Extended Data Fig. 1 ) allowed a detailed description of electrostatic and cation-π interactions between the Tys residues and gp120 ( Fig. 2a) . One of the E51 residues (Tys100I E51 HC ) made analogous interactions with gp120 as a CCR5 sulfated tyrosine and Video) . a, Class I Env trimer. The gp41 fusion peptide is α-helical in two conformation A protomers in the class I structure (AAB trimer), and adopts a partially ordered loop structure in the conformation B protomer. b, Class II Env trimer. The fusion peptide is α-helical in one conformation A protomer and in two conformation B protomers in the class II structure (ABB trimer).
Fig. 5 | gp41 exhibits different conformations in protomers A and B (see also Supplementary
a sulfated tyrosine within the 412d CD4i antibody 25 (Fig. 2a ). Structural comparisons of the E51, 412d and CCR5 complexes with trimeric (for E51) or monomeric (for 412d and CCR5) Envs showed that each of the tyrosine-sulfated CD4i Fabs included one sulfated tyrosine (Tys100I E51 HC and Tys100 412d ) that directly mimicked a CCR5 sulfated tyrosine and an additional sulfated tyrosine (Tys100F E51 HC and Tys100C 412d ) that made distinct interactions with gp120 ( Fig. 2a) .
Comparisons of the interactions of CD4-bound gp120 with E51's CDRH3 and with CCR5 (ref. 19 ) suggest a possible scenario for the high potency of eCD4-Ig, a reagent in which a sulfopeptide corresponding to the E51 CDRH3 fuses to the C terminus of CD4-Fc (refs. 27, 36 ). The effects of electrostatic interactions of E51 sulfotyrosines with positively charged residues on gp120 in combination with interactions of the short helix in the CDRH3 of bound E51 (Fig. 2d ) (if the helix forms in the context of the CDRH3 sulfopeptide) with the four-stranded gp120 bridging sheet ( Fig. 2a ) could contribute to specific binding of eCD4-Ig to the sCD4-induced Env conformation, in which these regions are accessible. By contrast, these regions are buried in the closed Env conformation in which the bridging sheet has only three strands, thus differing in topology from the four-stranded bridging sheet in open sCD4-bound Env conformations ( Fig. 6a-d; Supplementary Video) .
A model of Env fusion activation.
Although previous sCD4-bound Env structures were three-fold symmetric [5] [6] [7] , the E51-sCD4-BG505 complex structures displayed Env trimer asymmetry, including differences in the degree of gp120 rearrangement and distinct conformations for specific structural elements within gp120-gp41 protomers. Given the relatively small number of available sCD4bound open Env structures, it is unclear why the Env trimers in the E51-sCD4-Env structures were asymmetric. However, these new open Env conformations can be used to deduce likely states of structural changes in HIV-1 Env upon CD4 binding. Comparison of the class I and class II E51-sCD4-Env structures with previous closed and partially open Env structures suggests a model for the initial sCD4-induced conformational changes that lead to coreceptor binding and fusion ( Fig. 6a-d) . As previously described, sCD4 binding to gp120 subunits within Env trimer leads to gp120 rotation and outward displacement 4 and to repositioning of the V1V2 domain from the trimer apex in closed Env to the sides of trimer in sCD4-bound Env 6 (Supplementary Video). This results in formation of the four-stranded gp120 bridging sheet and exposure of the coreceptor binding site on V3 (ref. 7 ). The rotation and displacement of gp120 subunits in sCD4-bound Env trimer structures results in loss of intra-protomer gp120 contacts, a conformation that is either captured by sCD4 during Env 'breathing' and (or) is Three-stranded bridging sheet V1V2 β20 β21 β2 β3
Four-stranded bridging sheet V1V2 β20 β21 β3 β2
Four-stranded bridging sheet V1V2 β20 β21 β2 β3 driven by CD4 binding that induces the straightening of the gp41 HR1 C helix observed in the protomer B conformation (Fig. 4c ). Apparently, synchronized conformational changes that differentiate the less-open protomer A conformation ( Fig. 6c) and the fully open protomer B conformation (Fig. 6d ) include: (1) gp120 outward displacement that opens space for extension of the HR1C gp41 N terminus, (2) displacement of the gp120 α 0 helix closer to HR1C gp41 N terminus of the neighboring protomer to facilitate a loop-to-helix transition at the HR1C gp41 N terminus and (3) elevation of the gp120 β 0 strand and lowering of the portion of the gp41 helix C-terminal to the fusion peptide, presumably releasing the fusion peptide from the hydrophobic environment observed in the closed 10 , partially open sCD4-bound Env structures 7 and protomer A conformations.
We now have structural information relevant to sCD4-induced (or captured) conformational changes in four distinct Env trimer conformations: closed 10 (Fig. 6a) , partially open sCD4-bound 7 (Fig. 6b) , the sCD4-bound protomer A in the E51-sCD4-BG505 structures (Fig. 6c) and the fully open conformation of the sCD4bound protomer B in the E51-sCD4-BG505 structures (this study) ( Fig. 6d ) and in the 17b-sCD4-B41 Env structure 5 . These conformations may represent snapshots of transitions from closed Env trimer ( Fig. 6a ) to various forms of partially open trimers (Fig. 6b,c) , prior to adopting the fully open sCD4-bound Env conformation ( Fig. 6d ) that can interact with the coreceptor to undergo further changes resulting in full release of the gp41 fusion peptide. Thus the ability of single-particle cryo-EM to reveal multiple conformations of a protein-protein complex facilitates understanding of conformational changes required during the function of a complicated process such as HIV-1 Env-mediated membrane fusion.
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